A molecular tagging technique using the spark tracing method has been applied to measure velocity distributions in sub-millimeter-scale gas flows, formed as air jet flows through a sub-millimeter channel. Spark lines are generated by air ionization when applying high voltage due to the electrical discharge phenomena. The velocities measured using the displacement of spark lines were 10−30% smaller than those using the theoretical equation in a rectangular channel. In order to identify the cause of the measurement error, the relationship between the ionized air regions and the gas flow velocities was investigated by numerical simulation. The simulation revealed that a spark line goes through the pathway with the minimum electric resistance, and that the velocities from the theoretical equation agreed with the spark line velocities when the spark line width is assumed to be zero. Using this result, we propose a new velocity correction technique using the relationship between the spark line width and the measured velocity. The velocities from the experiments with the suggested correction agreed well with those from the theoretical equation. Furthermore, the corrected spark tracing method was applied to a mixing air jet flow field with different temperatures through two channels.
Introduction
Microfluidic devices are widely used for biological and chemical analysis applications, e.g., lab-on-a-chip and micro total analysis systems (micro-TAS) (1) , (2) . Recent developments on microfluidic devices have been proposed to analyze not only liquid, but also gas or two-phase flows (3) . The precise control of a small gas volume and molecules in microchannel flows is expected to improve the efficiency of analysis and detection in micro-TAS, which is dependent on the development of accurate measurement techniques. The optical methodology to understand the fluid motion in microchannels is classified into two categories (4) ; tracking fluorescent particles and tracing fluorescent dye. Micron-resolution particle image velocimetry (micro-PIV) (5) has become a powerful tool to optimally design the microchannel geometry in microfluidic devices. Lindken et al. (6) and Werely and Meinhart (7) reviewed the recent advances in micro-PIV and the applications to various fields. To improve the spatial resolution, Sadr et al. (8) and Kihm et al. (9) developed nano-PIV utilizing the evanescent wave that is generated from a total internal reflection of light, and Pouya et al. (10) and Freudenthal et al. (11) used quantum dot nanoparticles as tracer particles. These velocity measurement techniques are, however, limited to liquid flows,
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although there are a few studies of the micro-PIV measurements in gas flows. Kim et al. (12) measured the velocity distributions of oscillatory airflows in a bronchiole model by using oil mists. In the experiments, it was difficult to obtain accurate velocity distributions, because the oil mist density is much larger than that of air, and consequently, the oil mists cannot follow up the airflows.
Molecular tagging velocimetry (MTV), a technique that tags and traces molecules in the region of interest, is an alternative optical approach to investigate flow structures. Caged fluorescent dye has been commonly used in MTV because of its high signal-to-noise ratio and its fidelity to the fluid motion. Using this dye, MTV has been applied to a range of flow scales, from macroscale (13) , (14) to microscale (15) − (18) . However, this technique is also restricted to velocity measurements of liquid flows, because the dye is required to dissolve the velocity distribution in gas flows by using nitrogen monoxide. This technique is based upon the use of gas molecules with fluorescent properties, and the velocity is evaluated from the displacement of fluorescent tagged regions. The shortcomings of this technique are that there are remarkably few gas molecules with fluorescent properties and most of them have toxic properties, which render them not appropriate for the practical use. The spark tracing method is a velocity measurement technique of any gas flow, which has been developed by Nakayama and Aoki (21) . This method is based on the visualization of spark lines, and the gas flow velocity is calculated from the displacement of the lines. The spark lines are generated by applying a high voltage with a high frequency that induces air ionization via electrical discharge phenomena. Previous studies have reported the development of the high voltage supply (22) , the effect of the electrode configuration and applied voltage on the formation of spark lines (22) , and the application to various internal (23) and external flows (24) , (25) . Ninomiya et al. (26) reported three-dimensional and three-component velocity measurements by combining the spark tracing method with the dynamic programming matching technique. It should be noted from the aforementioned studies that this method has been able to visualize gas flows and obtain velocity distributions easily and safely, even if the density differences between the ionized and unionized air might induce measurement errors (27) . The objective of the present study is to develop a velocity measurement technique for sub-millimeter-scale gas flows by using the spark tracing method. For the generation of spark lines, we constructed a high voltage system of a few kV with the high frequency of 1×10 4 Hz and prepared several stainless-steel electrodes with a 0.8 mm diameter. The measurement system used a high speed CMOS camera with a frame rate of 1×10 4 frames/s equipped with an objective lens, which resulted in a measurement time resolution of 0.1 ms. In the experiments, single air jet flows of a sub-millimeter-scale were formed through a 0.8 mm square channel, and their exit velocities were measured with Reynolds numbers of 65 and 135. Furthermore, to reduce the above measurement errors due to the density difference (27) , the present study proposes the new velocity correction technique whose availability and validity was confirmed by using numerical simulation. In addition, the proposed correction technique was applied to a mixing air jet flow field with different temperatures through two channels. Figure 1 illustrates the measurement principle of the spark tracing method, which is based on the electrical discharge phenomena. For the generation of spark lines, it is required to set up two electrodes perpendicular to the gas flow regions of interest and apply high voltage with a high frequency. The first voltage application ionizes the air, thus converting Vol. 8, No. 3, 2013 in an aqueous solution. Experimental efforts by Hsu et al. (19) and Hecht et al. (20) measured it to a pathway for the spark lines. The quasi-stable state of ionized air is maintained for approximately 1.0 ms. Ionized air has superior electrical conductivity compared to unionized air. The frequency of the second and subsequent applications is set at more than 1×10 3 Hz, and consequently, spark lines go through the pathway of the ionized air region. The gas flow is visualized by capturing the spark lines using the high speed CMOS camera. Figure 2 shows the algorithm for the velocity detection using the spark tracing method. The instantaneous image of a spark line in an air jet flow through a channel is captured from the upper side of channel at t = t 0 as shown in Fig. 2 Fig. 2 (c) indicate the displacement, Δx, in the x-direction within the time interval, Δt, between the consequent camera frames, and the velocities were calculated by dividing Δx by Δt. Furthermore, it was qualitatively found that the intensity of the spark line in Fig. 2 (b) was lower than that in Fig. 2 (a) . This is caused by the diffusion of the ionized air as time advances, even though the number density of ions remains constant. This diffusion makes the detection of the maximum brightness intensity in the images harder, and therefore becomes a source of measurement error. For the evaluation of this error, the volumetric flow rates were calculated from the velocity distributions for the case of the second and subsequent voltage applications and by excluding the first application, as it was merely used to create the pathway for the spark lines. On the basis of the flow rate at the second application, it was made clear that their rates were decreased by approximately 1% and 2% at the third and fourth applications, respectively. To reduce the The spark line at the image for t = t 0 is overlapped with that at t = t 0 + Δt. The displacement between both spark lines Δx divided by Δt, provides the velocity distribution.
Principle of Spark Tracing Method

Measurement Principle
Algorithm for Velocity Detection
Vol. 8, No. 3, 2013 measurement error, we obtained the spark line image of the second voltage application and calculated the velocity distributions. In each experiment, 2,000 pair images of spark lines were randomly selected from 5,000 successive images, and the average velocities and their standard deviations were evaluated from 1,000 velocity data. In addition, all the Cartesian coordinate systems of the present study obey the coordinates as shown in Fig. 2 (a) , with the direction of gravitational force being the negative z-direction. Figure 3 shows the schematic of the experimental apparatus. The piping system was consisted of polyurethane tubes. The air pressure discharged from the bellows pump was controlled using the regulator and the mass flow controller, and the air jet flow was formed through one or two channels. In the measurements described in sections 4.1−4.3, a single air jet flow with a sub-millimeter-scale was set by using one 0.8 mm square channel (VitroCom, Inc., Square tubing, ST8280, 0.8 mm (width) × 0.8 mm (height) × 50 mm (length)) and equipping two needle-typed electrodes at the exit of the channel, as shown in Fig. 3 (a) and (b). In the measurements presented in section 4.4, a mixing air jet flow at different temperatures through two channels with an angle of 45 degrees was used as shown in Fig. 3 (c) and (d). The air flow discharged from the mass flow controller was bifurcated into air flow at 297 K (y < 0) and at 318 or 343 K (y > 0), heated using the variable non-flame air heater. For the visualization of the whole flow field, two electrodes (hereinafter referred to as the linearly-aligned electrodes) were located along the x-direction, which enabled to discharge sparks intermittently. The gap width between the two electrodes was increased downstream in the x-direction, depending on the characteristics of air jet flow. 
Experimental Setup
Experimental Apparatus
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High Frequency and High Voltage Generation System
For the acquisition of clear spark line images, it is required to utilize a high voltage generation system at a high frequency and a short pulse width. The electric transformer of this system was in-house made by utilizing an ignition coil system, comprised of the DC power supply, a transistor with a bias circuit using the pulse generator, and the ignition coil. The back electromotive force was generated by the self-induced electromotive force at the primary winding. The pulse duration at the secondary winding was modulated by controlling the pulse duration of the bias circuit, which was set at 5 μs. This arrangement allows for the production of spark lines with a frequency of up to 2×10 5 Hz. From the measurement principle as noted in section 2.1, it is required that the frequency was more than 1×10 3 Hz. Based upon the displacement of the spark lines and the time resolution of the measurement system as described in section 3.3, the present study set up the frequency of the high voltage system to 1×10 4 Hz. Furthermore, the present ignition coil system achieved 50 times the transformer ratio, which enabled to apply the voltage of a few kV to the electrodes as shown in Fig. 3 .
Optical Measurement System
The optical measurement system was comprised of a high speed CMOS camera (Photron USA, Inc., FASTCAM SA1.1, 12 bits, 756 × 756 pixels @1×10 4 Hz, 1024 × 1024 pixels @125 Hz) and 10× or 20× magnification objective lenses (Nikon Corp., CFI), and positioned at the upper side of channel. For the measurements in sections 4.1−4.3, the frame rate of camera was set at 1×10 4 Hz to acquire one spark line in each image. In the measurements of section 4.4 for the visualization of whole measurement area, the rate was at 125 Hz, which allowed to obtain 80 spark lines in each image.
Results and Discussion
Velocity Measurement of Sub-Millimeter-Scale Gas Flow
The velocity distribution of a single air jet flow as shown in Fig. 3 (a) and (b) was measured by using the spark tracing method, with Reynolds numbers (Re) being 65 and 135. Figure 4 shows the obtained velocity distributions, and the solid and dashed lines represent the velocity distributions at these two Reynolds numbers calculated using the following theoretical equation (28) 
2 3 1 1 6 2 dp b dp 
where u is the streamwise velocity in the x-direction, μ is the viscosity of the fluid, dp/dx is the pressure gradient, a is the half width of the microchannel in the y-direction, and b is the half depth in the z-direction. As shown in Fig. 4 , the velocities of the experiments were 10−30% smaller than those of the theoretical equation, and this measurement error might be induced by the following two factors.
[i] The brightness intensities obtained from the spark tracing method were integrated in the z-direction. Estimated from image processing, the diameter of the spark lines in the present study was approximately 0.1 mm, which was one-eighth of the channel depth that is 0.8 mm. This fact might provide the measurement error due to the velocity gradient in the z-direction.
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[ii] When applying to a flow with a large velocity gradient, the spark line passes through a pathway that is smaller than the curvature of the actual velocity distribution due to short circuiting, and it is expected that the obtained velocities would be underestimated (29) . This is caused by the diffusion of the ionized air, and the spark line generally goes through the pathway with the minimum electric resistance that is different from the pathway of the theoretical equation.
Since the cross-section of the channel used was square-shaped, the theoretical velocity distributions in the x-y plane as shown in Fig. 4 were equal to those in the x-z plane. The measurement error due to the velocity gradient within −0.05 mm < z < 0.05 mm was evaluated to be 2−8%, while the experimental data in Fig. 4 were 10−30% smaller than the velocities from the theoretical equation. Thus, factor [i] is not likely to be considered as the measurement error, and it is required to evaluate the effect of the ion diffusion on the velocity detection as mentioned in factor [ii].
Velocity Correction Technique for the Spark Tracing Method
For the evaluation of the effect of factor [ii] in section 4.1, it is required to examine the relationship between the spark line widths and the measured velocity distributions. If the measured velocity increases by decreasing the spark line width, we expect that the differences between the velocities from the theoretical equation and the velocities when assuming the spark line width to be 0 mm become smaller than the value discrepancy shown in Fig. 4 . To verify the above assumption, it is significant to measure the velocity distribution under such conditions with several spark line widths.
[1] Production of Several Spark Line Widths
Since the spark line width varies with a change in the applied voltage, the relationship between the widths and the voltages was experimentally explored as shown in Fig. 5 . The voltage data when each spark width has the same value by using the image processing were used. We successfully produced three types of spark line widths of 0.05, 0.10 and 0.15 mm under both flow condition of Re = 65 and 135, and this result indicates that the spark line width increased with an increase in the applied voltage. 
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[2] Velocity Measurements Using Several Spark Line Widths
The velocity distributions were measured using three types of spark line widths under the same experimental conditions in Fig. 4 , and the streamwise velocities at Re = 65 are presented in Fig. 6 . The result indicates that the obtained velocities increased with a decrease in the spark line widths, and it was confirmed that the velocities at Re = 135 followed a similar trend to those at Re = 65. This suggests that the pathway through the actual spark line approaches the path estimated from the theoretical velocity distribution. This is caused by the decrease of the width of the pathway through which the spark line is possible to pass. Considering the aforementioned facts, we expect that the velocities from the theoretical equation are close to the acquired velocities when assuming the spark line width to be 0 mm.
[3] Calibration Curves for Correction
For the estimation of the velocity when the spark line width is assumed to be 0 mm, the streamwise velocities as shown in Fig. 6 were arranged using the velocities at the same y-position in terms of the spark line widths, and the typical results are represented in Fig. 7 
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(b) 135, and it was preliminarily confirmed that the velocities at y < 0 mm were approximately equal to those at y > 0 mm. The solid lines represent the first-order fitting curves calculated by the least-squares method. The velocities when the spark line width was assumed to be 0 mm were estimated from the fitting curves, which correspond to the velocities expressed as 0.00 mm in Fig. 7 . Figure 8 shows the comparison between the velocity profile when the spark line width was 0.00 mm and those from the theoretical equation (28) . It is apparent that the estimated data agreed well with the theoretical data. Therefore, using the sequence of the above procedures [1] , [2] and [3] , the new velocity correction technique for the spark tracing method can be used successfully for the measurement of the velocity profile.
For the use of the above correction technique, it is required to measure the velocity distributions using at least two types of spark line widths and obtain the calibration curves as shown in Fig. 7 . The lower limit of the velocity measurement using this method is defined from the frequency of the high voltage system with 1×10 4 Hz and the interval of the spark line generation (22) . This interval is estimated from the pixel displacements of the spark Vol. 8, No. 3, 2013 lines in the acquired images, whose lower limit is approximately 10 pixels on the basis of the spark line width. Considering the pixel size of the camera and the magnification of the objective lens, the lower limit of this method was evaluated to be 0.2 m/s. In addition, the present method with the velocity correction technique was validated by the numerical simulation discussed in detail in section 4.3.
Numerical Investigation on Effect of Ion Diffusion on Velocity Detection
In order to validate the proposed correction technique, the effect of the diffusion of the ionized air on the velocity detection was quantitatively investigated by numerical simulation, using a general-purpose computational fluid dynamics software (CD-adapco, STAR-CCM+). The discretization method used is the finite volume method, and a calculation area of 0.8 mm × 0.8 mm × 1.0 mm, as shown in Fig. 9 , was divided into 3,251,715 parts by using the polyhedral mesh. To simulate the same conditions as the experiments in section 4.2, the unsteady flow field was calculated using the numerical results of the steady-state flow as the initial condition. Circular cylinders with a diameter of 0.05, 0.10 and 0.15 mm were set as the ion layer through the spark lines at x = 0 mm and z = 0 mm, which corresponds to the gray area in Fig. 9 . The cylinder layer with physical properties of nitrogen ion was given as the initial condition during the first 5 μs, and the diffusion coefficient was set at 3.0×10 −5 m 2 /s. The time evolution of the nitrogen ion concentration distribution was calculated with a time step of 1.0×10 −6 s, and the typical result is illustrated in Fig. 10 . This result shows the time evolution of the ion concentration distribution in the x-y plane under the initial condition of an ion layer with a diameter of 0.10 mm, and these data were normalized using the initial ion concentration. It was observed that the nitrogen ion was extensively diffused as time advances due to advection Vol. 8, No. 3, 2013 and the ion concentration gradient. From a quantitative viewpoint, when the spark line width was assumed to be more than 40% of the initial ion concentration, the width of the diffused ion was approximately twice the width of the initial condition. To investigate the relationship between the ion distribution and the pathway of the spark line, the electric resistance of each pathway was evaluated because the actual spark line goes through the pathway with the minimum electric resistance as described in section 4.1. The electric resistance in air flow, R, is evaluated by the following equation using the path length, L, and the cross-section of the spark, S,
where σ is the electrical conductivity, e the elementary charge, μ j the electron mobility, and n i the ion density. It is obvious from Eq. (2) that the electric resistance is proportional to the path length and inversely proportional to the ion density. The present study proposes a new parameter to estimate the electric resistance, r, using L and n i (hereinafter referred to as the resistance parameter), which is given by the following equation:
The resistance parameters were evaluated at thirty pathways, including the paths from the theoretical equation and the experimental results without the correction. In Fig. 10 (b) , the dashed-dotted line indicates the pathway from the theoretical equation, and the pathway with the minimum resistance parameter is represented as the dashed line. Since the spark line passes the pathway with the minimum electric resistance, it was qualitatively observed that the velocity distribution from the experiment was smaller than that from the theoretical equation. Figure 11 exhibits the relationship between the electric resistances and the path lengths of the spark lines. The resistance parameters on the vertical axis were normalized using the resistance parameter under the experimental conditions without the correction, r exp , which means that the data of r/r exp = 1 corresponds to the experimental results. On the other hand, the path lengths on the horizontal axis were normalized using the path lengths estimated from the theoretical equation, L theory , and hence, the theoretical results are represented as the data of L/L theory = 1. These results indicate that the resistance parameters under the conditions of all the pathways were qualified as r/r exp ≥ 1 and the minimum resistance parameters were shown under the experimental conditions. Therefore, it was confirmed that the measurement error of the spark tracing method under the present experimental conditions was caused by the factor [ii] as described in section 4.1. Furthermore, for gaining further insight into the relationship between the velocity distribution and the pathway of spark line, the velocity distributions of the pathways with the minimum r/r exp were calculated under the conditions of each spark line width by using numerical simulation, and their pathways were equal to the experimental results. Figure 12 shows the streamwise velocities divided by the theoretical velocities, u/u theory , and these data were ordered by using the procedure [3] in section 4.2. For the velocities at the same y-position in terms of the spark line widths, the first-order fitting curves were calculated using the least-squares method, which are expressed as the dashed lines. This result reveals that all the u/u theory were nearly equal to 1 when the spark line width was 0 mm, which means that the experimental results with the correction agree well with the theoretical results. Thus, the above facts indicate the viability and validity of the velocity correction technique proposed in section 4.2. 
Application of Velocity Correction Technique to Mixing Air Jet Flow
The spark tracing method with the correction technique was applied to mixing air jet flows, at the experimental apparatus shown in Fig. 3 (c) and (d) . In this experiment, linearly-aligned electrodes were employed, because the active electrode area increased towards the streamwise direction, which enabled us to visualize the spark lines extensively in comparison with the needle-typed electrodes used in sections 4.1−4.3. A previous study (29) has reported that the use of the linearly-aligned electrodes induces a velocity Vol. 8, No. 3, 2013 measurement error of the order of 1%, because the spark line width increases by approximately 10%. Since the present study proposes the velocity correction technique using the relationship between the spark line widths and the velocity distribution, the effect of the different electrode arrangement on the velocity measurement is considered to be negligible. Figure 13 shows instantaneous images of a mixing air jet flow through two channels in which both flows have the same temperature of 297 K, and their Reynolds numbers were (a) 65 and (b) 135. It was observed that the area of appearance of spark lines at Re = 135 was larger than that at Re = 65, because the interval of spark lines was increased with an increase in the flow velocity. Figure 14 shows the streamwise velocity distributions at x = 1, 2, 4 and 6 mm, from the experiments conducted under the same conditions as Fig. 13 , and their data were obtained using the correction technique. The distances between the two electrodes in the y-direction were estimated to be 3.0, 3.4, 4.2 and 5.0 mm at each x-position by image processing. It was observed that the velocity distributions at x = 1 and 2 mm had the maximum values at y = 0 mm and nearly uniform distributions were shown towards downstream, e.g., the distribution at x = 6 mm. At the center position in the y-direction, the Vol. 8, No. 3, 2013 velocity at x = 6 mm was approximately 50% lower than that at x = 1 mm under both conditions when Re = 65 and 135, which was qualitatively in agreement with the velocity distribution of the two-jet flow at low Reynolds number. In addition, even though the mixing air jet flow is two-dimensional, the present study does not discuss the effect of the transverse velocities. We believe that the three-dimensional and three-component velocity measurements with high accuracy can be developed by combining the proposed correction technique and the dynamic programming matching technique (26) . Figure 15 shows the streamwise velocity distributions in the mixing air jet flows whose temperatures were set to be 318 and 343 K at y > 0 mm and 297 K at y < 0 mm. This setup corresponds to the temperature differences of ΔT = 20 and 45 K, respectively. The velocity data of ΔT = 0 K as shown in Fig. 14 was also added to Fig. 15 , and it was made clear that the temperature change does not influence the velocity detection. Even if there are the temperature changes in gas flow fields, the spark tracing method with the present correction technique has the advantage of velocity distribution measurement in sub-millimeter-scale gas flows without another calibration, within small buoyancy conditions. 
Conclusions
The spark tracing method was applied to the velocity measurements of gas flows at sub-millimeter-scale. In order to obtain clear spark line images, a high voltage system of a few kV with a high frequency of 1×10 4 Hz was constructed, and the measurement system was assembled by using a high-speed CMOS camera equipped with an objective lens, whose time resolution was 0.1 ms. The air jet flows were formed through one or two 0.8 mm-square channels, and their streamwise velocities were measured at the exit of channel. The conclusions obtained from this study are summarized below.
(1) The velocities obtained by the spark tracing method were 10−30% smaller than those estimated from the theoretical equation. To reduce this measurement error, a novel velocity correction technique was proposed, which is based upon the relationship between the spark line widths and the measured velocities. The corrected velocities agreed well with the theoretical results.
(2) For the validation of the proposed correction technique, the time evolution of ion concentration distributions were calculated using numerical simulation, which considered the ion diffusion phenomena. The electric resistances were estimated from the ion concentration distributions, and it was obvious that the spark lines obtained from the experiments pass through the pathways with the minimum electric resistance. The velocity distributions of the pathways with the minimum resistance were calculated using numerical simulation. These distributions were corrected by employing the proposed correction technique and were subsequently identical to the theoretical results.
(3) The spark tracing method with the correction technique was applied to mixing air jet flow fields through two channels with the same and different temperatures. Under the conditions of gas flows at different temperatures of the order of 10 K, it was confirmed that the temperature change hardly affects the velocity detection and the present technique enables us to measure accurately the velocity distributions in sub-millimeter-scale gas flows.
